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ABSTRACT

PURIFICATION AND CHARACTERIZATION OF BLUE AND GREEN
CHROMOPROTEIN PIGMENTS FROM THE INTEGUMENT OF MALE DARTERS
IN THE GENUS ETHEOSTOMA

By
Katelyn T. Boone
August 2011

Thesis supervised by Dr. Brady A. Porter
Unlike most other vertebrates, many species in the genus Etheostoma do not
utilize structural refraction to display blue or green color. Instead, blue and green mating
coloration exhibited by male rainbow darters (E. caeruleum) and male greenside darters
(E. blennioides) results from the presence of true chromoprotein pigments. This study
was conducted in order to extract, purify, characterize, and compare these novel
pigments. Pigments were extracted in aqueous buffer and partially purified by
ammonium sulfate fractionation and gel filtration chromatography. Final purification
consisted of preparative non-denaturing polyacrylamide gel electrophoresis for E.
caeruleum and hydroxyapatite chromatography for E. blennioides. Isolation of the
chromophore was accomplished using acetone precipitation. The chromophore is the
same in both species and is believed to be biliverdin. The protein component differs
iv

between the species and appears to have a greater number of subunits in E. blennioides.
Binding of the protein to the chromophore amplifies the absorbance in the visible region
and causes spectral tuning of the absorbance profile of the chromophore, with slight
differences between species. In E. caeruleum, the chromoprotein pigment has a λmax of
683 nm and transmits light at slightly shorter wavelengths, causing it to appear blue. In
E. blennioides, the chromoprotein pigment has a λ max of 696 nm and transmits light at
slightly longer wavelengths, causing it to appear green. This work has shown that the
protein component, not the chromophore, is responsible for the difference in hue between
these two pigments. Future work will involve obtaining amino acid sequences for the
protein component of the pigments and ultimately sequencing the gene coding for these
proteins in darters.
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INTRODUCTION
Description of E. caeruleum and E. blennioides
Darters are members of the perch family, Percidae, and are typical inhabitants of
shallow riffles in streams throughout North America (Page, 1983). Most of the 136
described species within the darter genus Etheostoma exhibit sexual dimorphism, with
the male becoming brightly colored during the spring mating season (Nelson et. al.,
2004).
The breeding male rainbow darter (E. caeruleum), shown in the top of Figure 1,
has between 8 and 13 blue vertical bands on the body with interspaces of orange and
brick-red. The bands posterior to the soft dorsal fin encircle the body. The body is an
olive-brown color dorsally with anywhere from 3 to 11 dorsal saddles. The breast is
blue-green and the ventral surface of the head is orange. The spinous dorsal fin has four
bands: a basal brick-red band, a band of reddish spots (sometimes only the posterior-most
two spots can be seen), a broad blue band, and a pale greenish-blue margin. The soft
dorsal fin is greenish basally with red and orange in the middle and a dark blue-green
margin. The caudal and anal fins are blue-green with a reddish center. The pelvic fins
are blue-green. Adult rainbow darters are usually between 3.6 and 6.4 cm long
(Trautman, 1981).
The breeding male greenside darter (E. blennioides), shown in the top of Figure 2,
has between 4 and 7 dark green vertical bands on the posterior half of the body with
interspaces of yellow-green. The breast and ventral surface of the head are dark bluishgreen. The spinous and soft dorsal fins are dark green with a brick-red basal bar. The
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caudal, anal, and pelvic fins are all green. Adult greenside darters are usually between
6.1 and 8.9 cm long (Trautman, 1981).
The breeding male coloration reaches its peak during the height of mating season,
which overlaps between the two species. The mating season for rainbow darters peaks in
early June (Page 1983). The mating season for greenside darters peaks in April
(Trautman, 1981), but can range anywhere from April until June (Page, 1983). After the
breeding season, males lose most of their coloration and appear similar to the females of
their species, which are cryptically colored throughout the year (Trautman, 1981). This
seasonal sexual dimorphism indicates that enhanced male coloration is influenced by
some form of sexual selection. Fuller (2003) tested the hypothesis that sexual selection
in rainbow darters occurs via female choice and determined that there was no significant
correlation between female choice and mating success. The study concluded that male
interactions, in the form of guarding females from other males, played the biggest role in
determining mating success. This indicates that male-male competition may be a more
likely mechanism of sexual selection than female choice. It has also been observed that
breeding male coloration becomes exaggerated during battles between male rainbow
darters, further detracting from the likelihood that female choice is the dominant sexual
selection mechanism (Moerchen, 1973).
Rainbow darters are found in the Mississippi River system, the Tennessee River
system, and the Great Lakes Drainage Basin. They range from Minnesota east to New
York and south to northern Alabama. There are disjunct populations in tributaries of the
lower Mississippi River in southwestern Mississippi and eastern Louisiana (Page, 1983).
Ray et. al. (2006) recovered four major clades within this distribution: White-Little Red
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Rivers clade, Mississippi River corridor clade, northern Ozarks-upper Midwest clade, and
eastern clade. Haponski et. al. (2009) demonstrated that within this eastern clade, there is
marked genetic divergence between rainbow darter populations in the Lake Erie
catchment and the Ohio River catchment. However, no subspecies were formally
designated.
Greenside darters range from eastern Kansas and Oklahoma east to New York.
They are found as far north as Ontario and as far south as Arkansas, northern Alabama,
and northern Georgia (Page, 1983). Haponski and Stepien (2008) recovered six major
clades within this distribution: Ohio-Susquehanna Rivers clade, Great Lakes-Wabash
River clade, Osage River clade, Meramec River clade, Cumberland River clade, and
White River clade. This study revealed that the former subspecies E. b. pholidotum and
E. b. newmanii are polyphyletic and thus invalid taxa. However, the nominotypic
subspecies E. b. blennioides, which corresponds to the Ohio-Susquehanna Rivers clade in
this study, was found to be monophyletic.
Role of Pigmentation in Sexual Selection
Because rainbow darters and greenside darters have overlapping ranges and
breeding seasons, it is important to study the mechanisms that promote conspecific
mating. These mechanisms function to prevent hybridization between species. From a
conservation standpoint, hybridization can have the deleterious effect of ultimately
leading to loss of biodiversity. One prominent example of this is the case of the cichlids
in Lake Victoria. Until recently, there were over 500 species of cichlids in Lake Victoria
that had evolved from a single ancestral species over a very short ecological time period.
This rapid sympatric speciation of the cichlids was the result of mate choice being highly
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dependent upon color. However, many species have disappeared over the past several
decades. By measuring the hue of male body color and the number of coexisting species
in locations of various turbidity, Seehausen et. al. (1997) demonstrated that this decline in
diversity was caused in part by increasing turbidity, which constrains color vision and
thereby affects the impact of sexual selection upon reproductive isolation. This
conclusion was further supported by laboratory experiments in which females of two
different cichlid species preferred conspecific males under normal white light conditions,
but mated indiscriminately when color differences were masked by monochromatic light
(Seehausen & van Alphen, 1998). A study conducted on two sympatric species of
darters, E. barrenense and E. zonale, showed that females preferred conspecific males
during dichotomous choice trials based only on visual stimuli (Williams & Mendelson,
2010). This suggests that male coloration is crucial for maintaining species boundaries in
darters, just as it is for cichlids. Thus, it is possible that human activities that contribute
to eutrophication and increased turbidity in streams, such as destruction of riparian zones,
could impact sexual selection in darters and consequently contribute to local extirpations.
Therefore, it is important to develop a more thorough understanding of the visual signals
used for sexual selection in darters. By examining the pigments that produce these visual
signals, a more objective comparison between darter species can be made. Examination
of these pigments can also potentially contribute to an understanding of the evolution of
breeding pigments in darters.
Structural Coloration in Vertebrates
The blue and green pigments in rainbow and greenside darters appear to be a
novel class of chromoprotein (Pearsall, 2005). The significance of these novel pigments
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lies in the fact that the blue and green coloration seen in most other vertebrate species is
the result of structural coloration where no blue or green pigment exists. Structural
coloration is caused by the interaction of light waves with the dermal chromatophore unit.
The dermal chromatophore unit, shown in Figure 3 and Figure 4, is made up of three
types of chromatophores: xanthophores, iridophores, and melanophores. Xanthophores
contain carotenoid vesicles and are located in the most superficial dermal layer, where
they function as a filtering layer. Iridophores containing guanine platelets are located in
the middle layer, which functions as a scattering layer. Melanophores containing melanin
melanosomes are located in the most basal layer and function as an absorbing layer.
The blue and green coloration of amphibians and lizards is caused by a
phenomenon that occurs when light strikes the guanine platelets within iridophores.
Depending on the size and orientation of the guanine platelets, iridophores either reflect
all light, appearing silver, or differentially scatter short wavelengths. This differential
scattering of light is known as Tyndall scattering. As shown in Figure 3, blue coloration
is perceived when the carotenoid vesicles in the xanthophores are aggregated in a certain
area of the cell and thus do not affect transmittance of short wavelengths. As shown in
Figure 4, green coloration is perceived when the carotenoid vesicles are dispersed
throughout the xanthophores and filter out the short wavelengths (Bagnara & Hadley,
1973). Recent research has shown that blue structural coloration can also be produced by
coherent scattering of light by quasi-ordered arrays of parallel dermal collagen fibers; this
has been demonstrated in birds (Prum, Torres, Williamson, & Dyck, 1998; Prum &
Torres, 2003) and primates (Prum & Torres, 2004).

5

Blue Pigmentary Coloration in Vertebrates
True blue pigments contained in chromatophores have been documented only
once. Goda and Fujii (1995) discovered novel blue chromatophores in two species of
fish from the family Callionymidae, Synchiropus splendidus and S. picturatus. These
chromatophores (named ―cyanophores‖) were reported to be dendritic cells containing
organelles with blue pigment in them. These pigment-containing organelles (named
―cyanosomes‖) aggregated or dispersed in response to different stimulatory cues. Goda
and Fujii (1995) ended this short publication by stating that ―the chemical nature of blue
pigment remains to be determined.‖ In a recent review of blue coloration in vertebrates,
Bagnara, Fernandez, and Fujii (2007) commented on the novel blue chromatophores: ―It
is a tragedy that this study has not been carried further, since these observations of a true
blue chromatophore containing a true blue pigment are unique among vertebrates.‖
Because structural coloration accounts for almost all blue and green coloration
seen in other vertebrates and so little is known about true blue and green pigments, the
presence of such pigments in rainbow and greenside darters provides a unique
opportunity to perform comparative studies between these two species through
purification and characterization of their respective pigments, which are both believed to
be chromoproteins (Pearsall, 2005).
Biliverdin
Biliverdin (Figure 5) is a tetrapyrrole with a molecular weight of 582.65 g/mol
and is a major product of heme catabolism in all vertebrates. Biliverdin results from the
removal of a methine bridge and loss of the iron atom from the heme molecule. Because
the heme molecule is not symmetrical and has four methine bridges, biliverdin can exist
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in four different isomers (IXα, IXβ, IXγ, and IXδ) depending on which methine bridge is
removed (O’Carra & Colleran, 1970).
In most mammals, biliverdin must be reduced to bilirubin by the enzyme
biliverdin reductase before being excreted. However, it has been found that biliverdin is
directly excreted in most birds, reptiles, amphibians, and fish (Ding & Xu, 2002).
Although direct excretion of biliverdin is associated with a lack of biliverdin reductase
activity in some vertebrate species, most fishes have biliverdin reductase activity. It is
possible that the binding of biliverdin to protein protects it from being reduced to
bilirubin by biliverdin reductase (Cornelius, 1991).
The presence of biliverdin as a chromophore conjugated to protein has been found
in the serum, fin, muscle, and/or scales of several species of fish, including wrasse, eel,
lumpfish, sea-scorpion, saury, sculpin, and parrotfish (Yamaguchi, 1971). Accumulation
of biliverdin has also been found in the plasma and yolk of the African clawed frog,
Xenopus laevis (Redshaw, Follett, & Lawes, 1971); the eggshells of several avian species
(Kennedy & Vevers, 1976); the hemolymph of several insects, including the tobacco
hornworm, Manduca sexta (Goodman, Adams, & Trost, 1985) and the sweet potato
hormworm, Agrius convolvuli (Saito & Shimoda, 1997); and the plasma of several
species of lizards in the genus Prasinohaema (Austin & Jessing, 1994). In humans, the
accumulation of biliverdin in blood serum is a pathological condition known as
biliverdinaemia, or green jaundice, which results in green skin coloration. A variety of
clinical diagnoses have been associated with biliverdinaemia. Most recently, increased
biliverdin levels were shown to have resulted from a mutation in the biliverdin reductaseA gene in combination with liver cirrhosis (Gafvels et. al., 2009).
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Recent research has demonstrated that biliverdin is the chromophore conjugated
to a protein present in the mucus of the blue form of walleye, Sander vitreus, a species
from the same family as darters, Percidae (Yu et. al., 2008). This protein, termed
Sandercyanin, has a molecular mass of 87,850 Da with four identical subunits.
The biological significance of biliverdin pigment accumulation is not yet known.
Yu et. al. (2008) suggested that a possible function of Sandercyanin may be to transport
heme degradation products. A similar hypothesis is that the apoprotein to which
biliverdin is bound has the physiological function of binding and transporting lipids
(Yamaguchi, Hashimoto, & Matsuura, 1973). One species-specific hypothesis is that
deposition of serum biliverdin into the skin upon transition from female to male in the
blue-throated wrasse broadcasts this newly acquired sexual status (Gagnon, 2006).
Hypotheses
The first hypothesis proposed in this study is that the chromophore of the blue and
green chromoprotein pigments in rainbow and greenside darters is biliverdin. The second
hypothesis is that the difference in hue between the chromoprotein pigments in rainbow
and greenside darters is due to differences in the protein component of each pigment.
Specific Aims
The first specific aim of this study is to extract and purify the blue and green
pigments from breeding male rainbow darters and breeding male greenside darters,
respectively. The second specific aim is to isolate, identify, and compare the chemical
structure of the chromophore between the two species. The third specific aim is to obtain
partial protein sequences by Edman degradation and/or tandem mass spectrometry.
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MATERIALS AND METHODS
Specimen Collection
Darters were collected in Allegheny County, Pennsylvania using the kick-seining
method. Breeding male rainbow darters were collected from Little Deer Creek
(40.55738° N, 79.83871° W) on 2 May 2008 (24 specimens), 26 May 2010 (29
specimens), and 11 April 2011 (31 specimens). Breeding male greenside darters were
collected from Chartiers Creek (40.35556° N, 80.11472° W) on 30 May 2008 (25
specimens) and 5 June 2009 (35 specimens). Specimens were individually frozen in 50mL Falcon Tubes at -80oC.
Pigment Extraction
Pigment extraction was carried out by performing multiple freeze/thaw cycles of
entire specimens in extraction buffer (500 mM NaCl, 5 mM EDTA, pH 7.0). After
several cycles, the extraction buffer was changed and more freeze/thaw cycles were
performed. When no additional pigment leached into the buffer, the extraction was
considered complete. Large contaminants from the fish integument were removed from
the pigment-containing extraction buffer via gravity filtration with 32.0 cm filter paper
(Whatman Filter Paper 3, Catalog #1003320).
Pigment Purification
Pigment purification was carried out in several steps. The first step was
ammonium sulfate fractionation, which was carried out by referencing the Table for
Preparing Solutions of Different Concentrations of Ammonium Sulfate found in
Appendix D of Robyt and White (1987). The extracted solution was brought up to 35%
ammonium sulfate saturation and centrifuged on an RC5C (Sorvall Instruments) at 4˚C
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for 35 minutes at 10,000 RPM. The contaminants that precipitated out were discarded
and the supernatant was brought up to 45% ammonium sulfate saturation and centrifuged
again. This process of incrementally increasing the ammonium sulfate saturation by 10%
each time and discarding the precipitated contaminants was repeated until the pigment
precipitated out. At this point, the clear yellowish supernatant was discarded and the blue
precipitate was dissolved in a minimal amount of 5 mM phosphate buffer (pH 7.0). The
dissolved pigment was then dialyzed in 5 mM phosphate buffer to remove the ammonium
sulfate. Dialysis was carried out using Slide-A-Lyzer 3.5K Dialysis Cassettes (Pierce,
Catalog #66110).
The next step in the pigment purification process was gel filtration
chromatography (GFC). The pigment sample was dialyzed in Tris buffer (10 mM Tris,
250 mM NaCl, pH 8.0) to prepare for GFC. Sephacryl 300 HR resin (Sigma Aldrich,
Catalog #S300HR) was used as the stationary phase and Tris buffer was used as the
mobile phase. The column was run with a BioRad BioLogic LP pump at a flow rate of
2.0 mL/min. The fractions were collected manually by initiating collection when the blue
pigment was visibly close to the end of the column and the corresponding UV peak began
to form. After GFC, the pigment was re-concentrated with ammonium sulfate and
dialyzed in Tris buffer.
The purity of the protein was assessed after GFC using sodium dodecyl sulfate
polyacrylamide gel electrophoresis (SDS PAGE) as well as non-denaturing PAGE with
CHAPS (MP Biomedicals, Catalog #190319). For SDS PAGE, a 12% acrylamide gel
with a 5% acrylamide stacker was prepared. The 5% stacker was made by mixing 2 mL
30% Acrylamide/Bis Solution (BioRad, Catalog #161-0156), 8.4 mL deionized water,
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1.52 mL 4X Tris (1.5 M Tris-Cl, pH 8.8, 0.4% SDS), 20 µL TEMED (BioRad, Catalog
#161-0800), and 120 µL 10% ammonium persulfate (Promega, Catalog #V3131). The
12% gel was made by mixing 8 mL 30% Acrylamide/Bis Solution, 7 mL deionized
water, 5 mL 4X Tris, 20 µL TEMED, and 120 µL 10% ammonium persulfate.
Approximately 2 μL of each sample (~0.012 mg protein) was mixed with approximately
8 μL deionized water and 10 μL 20:1 Laemmli Sample Buffer (BioRad, Catalog #1610737):β-mercaptoethanol (Fisher, Catalog #BP176-100). The sample mixtures were
heated at 90˚C for 10 minutes before being loaded into the wells. The running buffer was
Tris/Glycine Electrophoresis Buffer (25 mM Tris, 192 mM glycine). The gel was run at
50 volts until the dye front was near the bottom. The gel was then incubated in 12%
trichloroacetic acid for about 1 hour, stained overnight with Colloidal Coomassie, and
rinsed with 25% methanol.
For non-denaturing PAGE with CHAPS, a 12.5% acrylamide gel with a 5%
acrylamide stacker was prepared. The 5% stacker was made by mixing 1.7 mL 30%
Acrylamide/Bis Solution, 5.77 mL deionized water, 2.5 mL Tris Gel Buffer (200 mM
Tris, pH 8.0, 0.5% CHAPS), 5 µL TEMED, and 50 µL 10% ammonium persulfate. The
12.5% gel was made by mixing 8.4 mL 30% Acrylamide/Bis Solution, 6.49 mL
deionized water, 5 mL Tris Gel Buffer, 10 µL TEMED, and 100 µL 10% ammonium
persulfate. Samples were mixed with 2X Tris/Glycerol Sample Buffer (25 mL 0.5 M Tris
pH 6.8, 0.001 g bromophenol blue, 20 mL glycerol, 0.7 g CHAPS, H2O up to 100 mL) in
a 1:1 ratio and loaded into the wells (each well contained ~0.025 mg protein). The
running buffer was Tris/Glycine Electrophoresis Buffer with CHAPS (1.0 g CHAPS per
liter of buffer). The gel was run at 50 volts for about 4 hours. After noting the regions
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containing pigment, the gel was incubated in 12% trichloroacetic acid for about 1 hour,
stained overnight with Colloidal Coomassie, and rinsed with 25% methanol.
The third step for pigment purification was preparative non-denaturing PAGE
with CHAPS. The resolving gel (33 mL 30% acrylamide, 42 mL deionized water, 25 mL
Tris Gel Buffer, 60 μL 10% ammonium persulfate, 100 μL TEMED, 0.5 g CHAPS) was
mixed and poured into the BioRad Model 491 Prep Cell. After the gel polymerized, the
lower chamber was filled with Tris/Glycine Electrophoresis Buffer and the top chamber
was filled with Tris/Glycine Electrophoresis Buffer with CHAPS. About 5 mL of the
post-GFC pigment sample (~25 mg protein) was mixed with 4 mL glycerol, 2 mL Tris
Gel Buffer, and 0.07 g CHAPS. The sample mixture was loaded onto the preparative
column and run at 150 volts. The colored bands in the gel were cut out with a razor blade
and chopped into small pieces. The pigment was eluted from the gel by electroelution.
The purity of the protein before GFC, after GFC, and after preparative nondenaturing PAGE was analyzed by SDS PAGE. The gel that was used was a 10% TrisHCl Ready Gel (BioRad, Catalog #161-1101) and the running buffer was Tris/Glycine
Electrophoresis Buffer with SDS (1.0 g SDS per liter of buffer). For pre-GFC and postGFC samples, approximately 2 µL of each sample (~0.012 mg protein) was mixed with
approximately 8 µL deionized water and 10 µL 20:1 Laemmli Sample Buffer:βmercaptoethanol. For the post-preparative non-denaturing PAGE E. caeruleum blue band
sample, approximately 9 µL of sample was mixed with approximately 1 µL deionized
water and 10 µL 20:1 Laemmli Sample Buffer:β-mercaptoethanol. For the postpreparative non-denaturing PAGE E. blennioides sample and the post-preparative nondenaturing PAGE E. caeruleum green band sample, 10 µL of each sample was mixed
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with 10 µL 20:1 Laemmli Sample Buffer:β-mercaptoethanol. Samples were then heated
at 90˚C for 10 minutes, centrifuged, and loaded into the wells. The molecular weight
ladder used was the EZ-Run Protein Marker (Fisher, Catalog # BP3600-500). The gel
was run at 50 volts for about 1 hour, then at 100 volts. The gel was then incubated in Fix
(40% MeOH, 10% acetic acid, 50% H2O) for 30 minutes, stained with Coomassie Blue
overnight, and destained with Destaining Buffer (25% methanol, 8% acetic acid, 67%
water).
The post-preparative non-denaturing PAGE E. caeruleum blue band sample was
run on another SDS PAGE gel to verify its purity and to prepare it for mass spectrometry.
The gel (4% stacker, 5-16% gradient) was mixed using a Hoefer SE-600. The 4% stacker
was made by mixing 1.33 mL acrylamide, 2.5 mL Lower (1.5 M Tris-Cl, pH 8.8, 0.4%
SDS), 6.16 mL deionized water, 10 µL TEMED, and 100 µL 10% ammonium persulfate.
The 5% gel was made by mixing 1.67 mL acrylamide, 2.5 mL Lower, 5.83 mL deionized
water, 10 µL TEMED, and 100 µL 10% ammonium persulfate. The 16% gel was made
by mixing 5.33 mL acrylamide, 2.5 mL Lower, 2.166 mL deionized water, 10 µL
TEMED, and 100 µL 10% ammonium persulfate. The post-preparative non-denaturing
PAGE E. caeruleum blue band sample was heated at 95°C for about 5 minutes and then
mixed in a 1:1 ratio with 20:1 Laemmli Sample Buffer:β-mercaptoethanol. This was
centrifuged at 14,000 RPM for 10 minutes and then loaded into the wells (each well
contained ~0.01 mg protein). The molecular weight ladder used was the EZ-Run Protein
Marker (Fisher, Catalog # BP3600-500). The running buffer was Tris/Glycine/SDS
Buffer (25 mM Tris, 192 mM glycine, 0.1% SDS, pH 8.3). The gel was run at 70 volts
for about 1 hour, then at 200 volts. The gel was stained with Coomassie (8% acetic acid,
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25% methanol, 0.20% Coomassie R250) and scanned using the GS-800 Calibrated
Densitometer.
Hydroxyapatite chromatography was performed to determine if this method was a
better final purification step than preparative non-denaturing PAGE with respect to
product yield. Before the first use, columns were equilibrated with 1 M NaOH for 15
minutes at 2.0 mL/min, 200 mM phosphate buffer for 15 minutes at 2.0 mL/min, and 5
mM phosphate buffer for 15 minutes at 2.0 mL/min. After each use, columns were
regenerated with 500 mM phosphate buffer for 15 minutes at 2.0 mL/min and 5 mM
phosphate buffer for 30 minutes at 2.0 mL/min. All buffers were filtered through a 0.22
µm filter and degassed. All samples were filtered through a 0.22 µm filter.
The E. caeruleum post-GFC sample was run through a Bio-Scale Mini CHT Type
I Cartridge (BioRad, Catalog #732-4322; 5 mL bed volume, 40µm pore size, 40 mm
length x 12.6 mm diameter) with 5 mM phosphate buffer for 25 minutes at 2.0 mL/min.
A linear phosphate buffer gradient (5-200 mM) was then initiated and run for an
additional 50 minutes. A total of 75 fractions were collected (2 mL each) during each
run. The colored fractions were combined, re-concentrated, dialyzed, filtered, and run
through a Bio-Scale Mini CHT Type II Cartridge (BioRad, Catalog #732-4332; 5 mL bed
volume, 40µm pore size, 40 mm length x 12.6 mm diameter). The colored fractions from
this column were combined, re-concentrated, dialyzed, and filtered. A 100 µL aliquot of
the sample was taken after it was run through each column and saved for later assessment
of purity.
The E. blennioides post-GFC sample was run through a Bio-Scale Mini CHT
Type I Cartridge with 5 mM phosphate buffer for 25 minutes at 2.0 mL/min. A linear
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phosphate buffer gradient (5-200 mM) was then initiated and run for an additional 50
minutes. A total of 75 fractions were collected (2 mL each) during each run. The
absorbance of each fraction at 696 nm was recorded. The colored fractions containing
pigment that eluted directly after the void volume were combined, re-concentrated,
dialyzed, filtered, and run through the Type I CHT column a second time. The fractions
containing the eluted pigment that had been bound to the column were combined, reconcentrated, dialyzed, filtered, and run through a Bio-Scale Mini CHT Type II
Cartridge. The colored fractions containing pigment that eluted directly after the void
volume were combined, re-concentrated, dialyzed, filtered, and run through the Type II
CHT column a second time. The fractions containing the eluted pigment that had been
bound to the column were combined, re-concentrated, dialyzed, and filtered. Another E.
blennioides post GFC-sample was carried through the same process, but the order of the
columns was switched (it was put through Type II CHT before Type I CHT). A 100 µL
aliquot of the sample was taken after it was run through each column and saved for later
assessment of purity.
The purity of the protein before GFC, after GFC, and after each type of
hydroxyapatite column was analyzed using SDS PAGE. The gel that was used was a 420% Tris-HCl Ready Gel (BioRad, Catalog #161-1123) and the running buffer was
Tris/Glycine Electrophoresis Buffer with SDS (1.0 g SDS per liter of buffer). Each
sample was mixed in a 1:1 ratio with 10:1 Laemmli Sample Buffer:β-mercaptoethanol.
Samples were then heated in boiling water for 4 minutes and loaded into the wells. For
pre-GFC samples, approximately 0.037 mg protein was loaded into each well. For postGFC samples, approximately 0.030 mg protein was loaded into each well. For post-
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hydroxyapatite samples, approximately 0.006 mg protein was loaded into each well. The
molecular weight ladder used was Prestained SDS-PAGE Standards, Broad Range
(BioRad, Catalog # 161-0318). The gel was run at 35 milliamps for about 40 minutes.
The gel was then incubated in Coomassie for about 2 hours and destained with
Destaining Buffer.
Protein concentration between purification steps was determined using a Bradford
Assay. Bovine Serum Albumin (BSA) (BioLabs, Catalog #B90015; Fisher, Catalog
#BP675-1) was used to make the standard curve. Absorbance readings were taken on the
Cary 1E UV-Visible spectrophotometer (Varian) at 595 nm.
Chromoprotein Characterization
A UV/VIS scan from 250 nm to 750 nm was run on post-GFC samples of E.
caeruleum and E. blennioides pigment using Tris buffer as the solvent on the Cary 1E
UV-Visible spectrophotometer. The spectrophotometer was blanked with Tris buffer.
To determine the relationship between absorbance and concentration of the intact
chromoprotein pigment, a Bradford Assay was done on two dilutions of the E.
blennioides chromoprotein to determine their protein concentrations. This was then
plotted against the two major λmax absorbance values for the pigment at 393 nm and 696
nm for the two dilutions. A linear regression was then performed in Excel with the yintercept set equal to zero to determine the slope of the line.
An experiment to determine the effect of protein-chromophore binding on
absorbance values of the chromophore was conducted by starting with a known volume
of E. blennioides chromoprotein pigment (concentration was calculated to be 0.366
mg/mL based on absorbance at 696 nm). A UV/VIS scan from 250 nm to 750 nm was
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run on the intact pigment sample (the concentration was not changed because no dilution
was necessary). The chromophore of this sample was then isolated using the acetone
precipitation procedure. After the acetone was evaporated off, the chromophore was
brought up to the original volume with 5 mM phosphate buffer. A UV/VIS scan from
250 nm to 750 nm was run on this chromophore sample. An overlay of the two
spectrums was created using Microsoft Office Excel.
The purified E. caeruleum pigment was submitted for analysis by tandem mass
spectrometry. The protein bands from the SDS gel were excised manually. In-gel trypsin
digestion was carried out according to Shevchenko et al. (2006). Samples were
sequenced by tandem mass spectrometry (MS/MS) using the LC/MS system, which
consists of a 1200 Series liquid chromatography, an HPLC-Chip Cube MS interface, and
a 6530 QTOF mass spectrometer (Agilent Technologies). MS/MS analyses were carried
out with air as collision gas using 1 kV collision energy. Mass spectra were analyzed
using Spectrum Mill software.
Amino acid sequences of two peptide fragments determined by tandem mass
spectrometry were submitted to a basic NCBI protein BLAST. The database selected
was the non-redundant protein sequences (nr) and the algorithm selected was the blastp
(protein-protein BLAST).
Chromophore Isolation
The chromophore of the post-GFC E. blennioides sample was isolated by
dialyzing a 6 mL aliquot (~29 mg protein) in deionized water and then adding 67.5 mL of
cold acetone. This was centrifuged at 4°C for 35 minutes at 10,000 RPM in
polypropylene tubes. The protein precipitate was discarded. The sample was centrifuged
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again under the same conditions and the protein precipitate was again discarded. Sodium
sulfate was added to absorb the water and the supernatant was pipetted into a round
bottom flask. The acetone was evaporated off using the Buchi RE 121 Rotavapor and the
remaining water was removed by lyophilization. The sample was brought up in a
minimal amount of Optima grade methanol and filtered through a 0.2 µm filter. A
phosphate buffer blank was carried through all of these steps. The chromophore of both
species was also isolated on a smaller scale (using 600 μL of each post-GFC sample) by
the same process, except that the centrifugation was performed with glass centrifuge
tubes and all of the water was absorbed with sodium sulfate (lyophilization was not
needed).
Chromophore Characterization
A UV/VIS scan from 250 nm to 800 nm was run on the E. caeruleum
chromophore, E. blennioides chromophore, and biliverdin standard (MP Biomedicals,
Catalog # 194886) using methanol as the solvent on the Cary 1E UV-Visible
spectrophotometer. The concentrations of the E. caeruleum chromophore, E. blennioides
chromophore, and biliverdin standard were calculated using Beer’s Law (A=Ɛbc) with
extinction coefficients for biliverdin given in McDonagh and Palma (1980). Another
UV/VIS scan from 250 nm to 800 nm was run on the E. caeruleum chromophore, E.
blennioides chromophore, and biliverdin standard using 5 mM phosphate buffer as the
solvent.
Thin Layer Chromatography (TLC) was conducted on the E. blennioides
chromophore sample, biliverdin standard, and biliverdin standard that had been exposed
to sodium sulfate. The stationary phase was a Silica Gel 60 F254 precoated plate (EMD,
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Catalog #5715-7) and the mobile phase was 2:1:1.5 butanol:methanol:water. This mobile
phase was used by Austin and Jessing (1994) and Gagnon (2006) to resolve biliverdin by
TLC. The silica gel plate was activated by heating in a drying oven at 75°C for 1-2
hours. Filter paper was placed into the TLC chamber with the mobile phase and allowed
to equilibrate for 1-2 hours. Samples were spotted using Wiretrol II microcapillary tubes
(Drummond, Catalog #5-000-2005).
Nano electrospray ionization (ESI) mass spectrometry was performed on
biliverdin standard, biliverdin standard that had been exposed to sodium sulfate, and the
E. blennioides chromophore sample via direct infusion using a chip cube interface
(Agilent Technologies, Catalog #G4240A) on an Agilent 6530 Accurate-Mass QTOF
mass spectrometer. The gas temperature was 350°C, the drying gas flow was 4 L/min,
the capillary voltage was 1750 volts, and the fragmentor voltage was 400 volts. The
solvent that was used was Optima grade methanol. A small amount of 5 M HCl was
added to an aliquot of the E. blennioides chromophore sample for one of the trials. All
samples were filtered through a 0.2 µm filter before being infused. Mass spectra were
analyzed using Agilent MassHunter Workstation Qualitative Analysis software.
Nuclear magnetic resonance (NMR) spectroscopy was performed on biliverdin
standard and the E. blennioides chromophore sample using a Bruker Avance 400
spectrometer operating at 400 MHz for 1H spectra. Biliverdin standard (~3 mg) was run
twice, once using deuterated methanol as the solvent and once using deuterated
chloroform as the solvent. The E. blennioides chromophore sample (~0.5 mg) was not
soluble in deuterated chloroform, so it was run using deuterated methanol as the solvent.
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Infrared (IR) spectroscopy was performed on biliverdin standard and the E.
blennioides chromophore sample using a Nicolet 380 FT spectrometer. The biliverdin
standard and the E. blennioides chromophore sample were brought to dryness using the
Buchi RE 121 Rotavapor prior to IR spectroscopy.
Preliminary Microscopic Analysis of Location of Pigment
After collection of E. caeruleum specimens on 11 April 2011, the specimens were
euthanized with 250 mg/L Tricaine Methanesulfonate (Argent, Catalog #051212-0001-1).
Four of the specimens were immediately placed into 10% cold formalin for three days.
The specimens were rinsed with deionized water and then filleted using a razor blade.
The tissue pieces were placed into 30% sucrose in Phosphate Buffer Solution (94 mM
sodium phosphate dibasic, 137 mM NaCl, pH 7.4) until they sank. Several tissue pieces
were selected and embedded in Optimal Cutting Temperature (OCT) compound (Sakura
Finetek Tissue-Tek, Catalog #4583) in various orientations. These OCT blocks were
stored at -80°C until sectioning. The cryostat (IEC Minotome) was set to advance 24
micron sections. Every fourth section was thaw mounted onto a Colorfrost/Plus
microscope slide (Fisher, Catalog #12-550-17) that was precoated with 1:10 Poly-LLysine (Sigma-Aldrich, Catalog #P8920):deionized water. Slides were viewed using 20x
and 40x objectives on an Olympus BX51 microscope that had a 0.5x Olympus DP70
Digital Microscope Camera attached. Photomicrographs were taken of the slides.
Structures were assigned based on comparisons with images from Hawkes (1974) and
Yonkos, Fisher, Reimschuessel, and Kane (2000).
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RESULTS
Pigment Purification
During ammonium sulfate fractionation, contaminants were precipitated out at
35%, 45%, and 55% ammonium sulfate saturation. These contaminants were light brown
in color. The blue pigment from E. caeruleum and the green pigment from E. blennioides
were both precipitated out in part at 65% ammonium sulfate saturation and completely at
75% ammonium sulfate saturation.
Gel filtration chromatography was successful in removing some additional
contaminants. The gel filtration chromatograms of E. caeruleum (Figure 6) and E.
blennioides (Figure 7) indicate that contaminants of higher and lower molecular weight
than the pigment were removed when they eluted off the column before and after the
pigment, respectively.
Comparison of the pre-GFC fractions of E. caeruleum and E. blennioides (Figure
8, Lanes 1 and 2, respectively) with post-GFC fractions of E. caeruleum and E.
blennioides (Figure 8, Lanes 4 and 5, respectively) using SDS PAGE confirmed that
some contaminants were removed successfully with GFC. However, Figure 8 also
reveals that there were still some contaminants remaining after GFC.
Non-denaturing PAGE with CHAPS was performed on the post-GFC fractions
and also indicated that a number of contaminating proteins remained after GFC (Figure
9). The pigments ran as colored bands, which allowed for identification of their location
even after all of the contaminating proteins were revealed by staining with Colloidal
Coomassie. The native pigment of E. caeruleum ran as two bands at approximately 26
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and 19 kDa (Figure 9, Lanes 2 and 3), while the native pigment of E. blennioides
appeared as a single band at approximately 86 kDa (Figure 9, Lanes 5 and 6).
During preparative non-denaturing PAGE, the E. caeruleum sample went into the
gel completely. It resolved into two visible bands, a blue band and a green band. The
green band migrated slightly further in the gel. Conversely, the E. blennioides sample
failed to go into the gel during several attempts. A miniscule amount went into the gel,
while the majority bypassed the gel by running between the gel and the tube and pooled
at the bottom of the apparatus. Preparative non-denaturing PAGE was successful in
purifying the pigment from E. caeruleum, as shown by the SDS PAGE gel in Figure 10
(Lane 7) and the SDS PAGE gel in Figure 11 (Lanes 4, 6, 8, and 10). In Figure 10, the
pigment appeared as a single band at approximately 18 kDa, but was very close to the
dye front. In Figure 11, the pigment again appeared as a single band and was an adequate
distance above the dye front. However, the yield after electroelution of the pigment was
only 1.5 mL of solution with a protein concentration of 0.3371 mg/mL.
During hydroxyapatite chromatography, the pigment from E. caeruleum never
bound to either the Type I or Type II CHT column. It eluted from both columns directly
after the void volume. The pigment from E. blennioides bound to both the Type I and
Type II CHT columns. A small amount of pigment eluted after the void volume, but the
majority remained bound until the linear phosphate buffer gradient reached a high enough
concentration to cause it to elute. It eluted from the Type I CHT column around fractions
33-41, which corresponded to phosphate buffer concentrations of 84.2-163.4 mM. It
eluted from the Type II CHT column around fractions 31-37, which corresponded to
phosphate buffer concentrations of 64.4-123.8 mM. Thus, hydroxyapatite
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chromatography was successful in purifying the pigment from E. blennioides, but not the
pigment from E. caeruleum. This is shown by the SDS PAGE gel in Figure 12. The
order of the Type I and Type II CHT columns did not make a difference for the
purification of the E. blennioides pigment. It was purified after being run through only
the Type I or only the Type II CHT column.
The protein yield after each of the purification steps as determined by Bradford
Assay is shown in Table 1. The concentration of the solution is listed on top, while the
volume of solution is listed below in parentheses.
Chromoprotein Characterization
The blue pigment from E. caeruleum and the green pigment from E. blennioides
are very similar to one another with respect to their spectral absorbance profiles (Figure
13 and Figure 14). They both transmit light in mid-range wavelengths (approximately
425 nm to 575 nm). There are peaks of similar intensity on either side of this
transmission range in both species. These two peaks both have sloping shoulders on the
left hand side. The shoulder on the longer wavelength peak is offset by about 50 nm,
while the shoulder on the shorter wavelength peak is offset by about 15 nm. Both
pigments also have a strong absorbance peak at about 277 nm. In addition, both species
have a small rise in the absorbance spectrum that is not always flagged as a peak, but
occurs at approximately 333 nm in E. blennioides and 334 nm in E. caeruleum. Although
they are very similar, these two pigments differ with respect to lambda max. The max of
the blue pigment from E. caeruleum is 683 nm, while the max of the green pigment from
E. blennioides is 696 nm. These max values remain very consistent over repeated trials
using pigment extracted from specimens collected on different occasions.
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For the E. blennioides chromoprotein pigment, plotting concentration against the
absorbance at 393 nm resulted in an equation of y = 3.1043x. Plotting concentration
against the absorbance at 696 nm resulted in an equation of y = 3.2828x. Assuming a
stoichiometric relationship between the number of biliverdin molecules bound to each
protein moiety, these equations allow the concentration of a chromoprotein solution to be
determined from its absorbance.
The experiment to determine the effect of protein-chromophore binding on
absorbance level showed that binding of the E. blennioides protein to the chromophore to
form the intact chromoprotein pigment does appear to amplify the absorbance of the
chromophore in the visible region. As shown in Figure 15, the absorbance of the peak
that occurs between 650 and 700 nm in the chromophore is approximately 0.3 AU, while
the absorbance of the corresponding peak in the intact pigment is approximately 1.2 AU.
The absorbance of the peak that occurs between 350 and 400 nm in the chromophore is
approximately 0.9 AU, while the absorbance of the corresponding peak in the intact
pigment is approximately 1.1 AU. These differences in the magnitude of absorbance
may be either larger or smaller than the results suggest due to the efficacy of the acetone
precipitation procedure. If some protein remained bound to the chromophore following
acetone precipitation, the absorbance values of the chromophore would have appeared
greater. If some of the chromophore was lost during removal of the apoprotein, the
absorbance values of the chromophore would have appeared lower.
Mass spectrometry of the purified E. caeruleum pigment yielded the amino acid
sequence fragments shown in Figure 16. The longest sequence that was determined with
high confidence (80-90%) to very high confidence (90-100%) was 8 residues long:
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AYSSSAFN. The longest sequence that was determined with medium confidence (6080%) or higher was 13 residues long: YSFSPGAGFGVLN.
The NCBI protein BLAST analysis of the 8-residue sequence returned 101 hits
with Expect (E) values ranging from 226 to 7,694. The analysis of the 13-residue
sequence returned 100 hits with E values ranging from 209 to 1,217.
Chromophore Isolation
Acetone precipitation was highly effective at isolating the chromophore from E.
blennioides. After centrifugation, the protein precipitate was only slightly greenish in
color, while the supernatant was intensely green. However, acetone precipitation was not
as effective at isolating the chromophore from E. caeruleum. After centrifugation of the
E. caeruleum sample, the protein precipitate was still blue in color, indicating that a
significant amount of chromophore was still bound to the protein. The supernatant was
only slightly green. This led to a reduced yield of isolated chromophore from E.
caeruleum. Application of heat during acetone precipitation was found to improve the
effectiveness of this procedure. Addition of SDS also aided in precipitation of protein,
but caused interference during TLC. Thus, use of SDS necessitates the utilization of an
effective method of SDS removal prior to analysis of the isolated chromophore.
Chromophore Characterization
A UV/VIS scan of the isolated chromophores in methanol showed a very broad
peak around 668 nm for E. caeruleum (Figure 17) and around 666 nm for E. blennioides
(Figure 18). A broad peak in this region is characteristic of biliverdin, as can be seen by
the spectrum of biliverdin standard in methanol (Figure 19). This UV/VIS scan also
showed a strong, slightly broad peak at 379 nm for both species. The biliverdin standard
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had a similar peak at 376 nm. The other peak that was present in the spectrums of both
species was a very strong, narrow peak at about 295 nm. This peak was not present in the
spectrum of biliverdin standard. The spectrum of biliverdin standard showed two smaller
peaks at about 319 nm and 275 nm that behave like shoulders to the 376 nm peak.
A UV/VIS scan of the isolated chromophores in 5 mM phosphate buffer showed a
very broad peak at about 678 nm for both species as well as biliverdin standard (Figure
20). There was a strong, slightly broad peak at about 374 nm for biliverdin standard, 375
nm for E. caeruleum chromophore, and 376 nm for E. blennioides chromophore. The
chromophores of the two species both produced a peak in the UV, which occurred at
about 266 nm for E. caeruleum and 273 nm for E. blennioides. The biliverdin standard
had a shoulder at about 316 nm and two small peaks at about 274 and 254 nm.
TLC showed that biliverdin standard has three components: a major blue
component (Rf = 0.765), a minor blue component (Rf = 0.663), and a major green
component (Rf = 0.588). The green component of the biliverdin standard migrated
closely with the single green component of the E. blennioides chromophore (Rf = 0.607)
and the single green component of the E. caeruleum chromophore (Rf = 0.601), as shown
in Figure 21.
Mass spectrometry was performed on biliverdin standard, biliverdin standard that
had been exposed to sodium sulfate, and the E. blennioides chromophore sample. As
shown in Figure 22, an infusion of biliverdin standard at a concentration of 0.625 mg/mL
showed a major peak at 583.2691, which is approximately equivalent to the molecular
weight of biliverdin plus a hydrogen ion. The peaks at 701.5008 and 475.3293 were
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present in the methanol blank. Another peak unique to the biliverdin standard occurred at
297.1259. There were also groups of peaks around 1180 and 1750.
As shown in Figure 23, a targeted MS/MS performed on the biliverdin standard
showed that the major fragment of the 583 peak was a peak at 297.1254, which was
present in the MS spectrum. The major fragment of the 597 peak (which is
approximately 14 mass-to-charge units larger than biliverdin) was a peak at 311.1407,
which is approximately 14 mass-to-charge units larger than the 297 peak.
Infusion of biliverdin standard that had been exposed to sodium sulfate (Figure
24) yielded a major peak at 611.2928. There is also a group of peaks around 1221. A
small peak can be seen at 311.1426. Figure 25 is a zoomed in view of the mass spectrum
in Figure 24 and shows additional peaks at 597.2767, 619.2594, and 633.2745.
As shown in Figure 26, a targeted MS/MS performed on the biliverdin standard
that had been exposed to sodium sulfate showed that the major fragment of the 611 peak
was a peak at 311.1420. The major fragment of the 633 peak was a peak at 333.1240.
The major fragment of the 1221 peak was the 611 peak, while the major fragments of the
1243 peak were the 633 and 311 peaks.
Infusion of the E. blennioides chromophore sample that contained a small amount
of HCl (Figure 27) yielded major peaks at 611.3655 and 122.1154. There was also a
peak at 311.1938.
NMR analysis was carried out using deuterated methanol as the solvent, so this
solvent was run by itself as a blank. The NMR spectrum of deuterated methanol has two
peaks, which occur at about 4.87 and 3.31. Other than these solvent peaks, there are few
similarities between the NMR spectrum of biliverdin standard (Figure 28) and the E.
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blennioides chromophore sample (Figure 29). One similarity is the group of peaks that
occur at 5.70, 5.74, 5.82, 5.85 in the spectrum of biliverdin standard, which correspond
closely to the group of peaks that occur at 5.62, 5.69, 5.71, and 5.73 in the spectrum of
the E. blennioides chromophore. Another similarity is the peak that occurs at 1.65 in the
spectrum of biliverdin standard and the peak that occurs at 1.62 in the spectrum of the E.
blennoides chromophore. The peaks in the biliverdin spectrum are very broad. The
peaks in the E. blennioides chromophore spectrum are very low and close to the noise.
IR analysis did not show identical spectrums between biliverdin standard and the
E. blennioides chromophore sample. The two spectrums are presented as an overlay in
Figure 30. There is a broad peak around 3265 cm-1 in the spectrum of the E. blennioides
chromophore that does not occur in biliverdin standard.
Preliminary Microscopic Analysis of Location of Pigment
The photomicrograph in Figure 31 depicts a scale from an orange band of E.
caeruleum, while the photomicrograph in Figure 32 depicts a scale from a blue band. A
comparison of the two reveals that the novel blue pigment in E. caeruleum occurs in a
different structural region than do the carotenoid pigments. Carotenoids are present in
the area underneath of the overlapping scale as well as in the dermis near the underlying
scale. Conversely, the blue pigment is present only in the epidermis. It appears to occur
mostly outside of the epithelial cells and goblet cells that make up the epidermis. Figure
33 is a photomicrograph that shows the presence of both carotenoids and the blue
pigment. It demonstrates that carotenoids may be present in the dermis while the blue
pigment is present in the epidermis in the same region of the fish.
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DISCUSSION
The purification process that is necessary to successfully purify these novel
chromoprotein pigments is the same for E. caeruleum and E. blennioides throughout the
first few stages, but differs between the two species in the final step. Both pigments are
water-soluble and can be effectively extracted using an aqueous buffer. The freeze/thaw
method functions very efficiently as a way to lyse the cells of the specimens, allowing the
pigment to leach into the buffer. The time required to complete this step can be
shortened by freezing in a -80°C freezer and by placing the container in a warm water
bath when thawing instead of leaving it at room temperature. Removing the large
contaminants from the integument of both species can be easily accomplished through
gravity filtration, although it is a lengthy procedure. Suction filtration is another option,
but slime from the integument clogs the filters very quickly. The need to change the
filter so frequently means that this procedure demands much more attention than gravity
filtration, which can be left unattended. During ammonium sulfate fractionation, the
percentage of ammonium sulfate saturation necessary to precipitate contaminating
proteins (<65%) is the same between the two species. The pigment also precipitates out
at the same percentage of ammonium sulfate saturation (65-75%) in both species. Both
pigments are only partially purified by gel filtration chromatography. Although GFC
does remove some contaminants, there is still a considerable amount of contaminating
proteins that remain after this procedure. It can also be time-consuming if there is a large
volume of sample, since only a few milliliters can be loaded onto a column that is
relatively large in size (61.26 cm length, 2.5 cm diameter) during a single run. Adding
any more than about 3-4 milliliters of sample resulted in band broadening. Because GFC
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can be a lengthy process and is not highly effective for purification of these pigments, it
may be practical to skip this step and go straight to the final purification step, which
differs between the two species.
The final purification step that achieves full purity of the E. caeruleum pigment is
preparative non-denaturing PAGE. The cylindrical shaped gel used in this procedure is
just a scaled-up version of an analytical size non-denaturing PAGE gel. Non-denaturing
PAGE separates individual proteins into bands based on charge and hydrodynamic size,
which is dependent upon the conformation of the protein. Excising a band from the gel
effectively separates it from contaminating proteins, which are left in the gel. In this
case, excision of the band is easy because the protein of interest is a pigment, and is
therefore visible without staining. If the rest of the gel cylinder were to be incubated in
Coomassie, the other proteins remaining in the gel would become visible bands. The E.
caeruleum pigment actually resolved into two colored bands, one blue and one green.
The SDS PAGE gel in Figure 10 reveals that the blue band was the purified pigment.
The green band did not show up on the gel, indicating that it was not a protein. It is
likely that the green band was chromophore that had been released by degradation of the
chromoprotein. Although preparative non-denaturing PAGE purified the E. caeruleum
pigment, the yield after electroelution was very small. Thus, this procedure was not
adequate for preparing the pigment for downstream applications.
The final purification step that achieves full purity of the E. blennioides pigment
is hydroxyapatite chromatography. The SDS PAGE gel in Figure 12 shows that both the
Type I and the Type II CHT media are capable of purifying the pigment. Either type of
media can sufficiently achieve purification of the E. blennioides pigment by itself,
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without the need for use of the other type. The only problem was that the small size of
the prepacked cartridges that were used made it very easy to overload them with pigment.
When the cartridge was overloaded, some pigment could not bind and thus eluted too
early. This made it necessary to recombine early eluting fractions and run them through
the cartridge multiple times. The solution to this would be to order either Type I or Type
II CHT media and prepare a much larger column. This would vastly decrease the time
required to complete this final purification step for E. blennioides pigment. The yield
after hydroxyapatite chromatography is adequate to make it a suitable procedure for
preparing E. blennioides pigment for downstream applications. However, this procedure
cannot be used to purify E. caeruleum pigment because the chromoprotein of this species
does not bind to either the Type I or Type II CHT media.
Characterization of these two chromoprotein pigments will require further studies
in order to be complete. The UV/VIS scans revealed that they differ significantly from
one another in absorbance profiles, but the exact nature of the cause of this difference is
still not known definitively. The tandem mass spectrometry that was carried out on the
E. caeruleum pigment only yielded very short amino acid sequences. These sequences
are so short that they returned a large number of hits with very high E values (the lowest
being 209) when a standard NCBI Protein-Protein BLAST was performed. The higher
the E value, the more likely it is that a match occurred purely by chance. Longer amino
acid sequences must be obtained in order to potentially find a significant match with a
protein from a species that is sequenced in this database. The Yu et al. (2008) study used
cyanogen bromide cleavage and endoproteinase digestion to obtain internal peptide
sequences from Sandercyanin (the pigment extracted from the blue color morph of the
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walleye) and performed a standard NCBI Protein-Protein BLAST analysis on three
fragments that were 30, 29, and 18 residues long. The top match (73% sequence identity)
was an unnamed protein in the green spotted pufferfish, Tetraodon nigroviridis. An
attempt by Pearsall (2005) to obtain a protein sequence for the E. caeruleum pigment by
sending a protein band bound to a PVDF membrane to ProSeq for N-terminal sequencing
was unsuccessful because the protein was N-terminally blocked. An attempt to obtain an
internal protein sequence by subjecting the protein to cyanogen bromide digestion prior
to analysis was also unsuccessful (Pearsall, 2005). Obtaining protein sequences for the E.
caeruleum and E. blennioides pigments would be very valuable in characterization of
these pigments because they would provide information about how the proteins fold, thus
revealing possible sites where the chromophore may be bound and indications as to how
it is bound.
Although protein sequences have not yet been obtained, the SDS and nondenaturing PAGE gels that were run to assess purity offer other important information
about these chromoprotein pigments. Under non-denaturing conditions, the E. caeruleum
pigment ran as two bands at approximately 26 and 19 kDa, while the E. blennioides
pigment ran as one band at approximately 86 kDa (Figure 9). However, under SDS
conditions, the E. caeruleum pigment and the E. blennioides pigment have identical
banding patterns, again at approximately 26 and 19 kDa (Figure 8). This suggests that
the pigment of both species is composed of two types of subunits. Pearsall’s amino acid
composition data indicate that these two types of subunits have identical amino acid
composition, suggesting that their differences derive from post-translational
modifications, such as glycosylation (Pearsall, 2005). Comparing the denatured 26 and
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19 kDa subunits (Figure 8) to the native E. blennioides pigment at 86 kDa (Figure 9), it is
possible that the E. blennioides pigment is a tetramer composed of two of the smaller
subunits (19 kDa) and two of the larger subunits (26 kDa). The addition of
19+19+26+26 yields a sum of 90, which closely approximates the 86 kDa size of the
non-denatured E. blennioides pigment.
Characterization of the chromophore in the E. caeruleum and E. blennioides
pigment is far more complete than characterization of the protein component. Various
methods have produced strong evidence that the identity of the chromophore in both
species is biliverdin. Mass spectrometry performed on the biliverdin standard that had
been exposed to sodium sulfate (used as a drying agent) and the E. blennioides
chromophore both have a large peak at 611. This 611 peak is 28 m/z units larger than the
583 peak that was seen in the unexposed biliverdin standard, which corresponds to the
molecular weight of biliverdin. This addition of 28 mass units can be explained by the
esterification of biliverdin. In other words, the two carboxylic acid groups each lose one
hydrogen atom (a loss of 2 mass units) and each gain a –CH3 group (a gain of 30 mass
units) for an overall gain of 28 mass units. The 597 peak that is present in both the
biliverdin standard that had been exposed to sodium sulfate and the unexposed biliverdin
standard is the result of esterification of only one of the carboxylic acid groups, which
adds 14 mass units. The fact that this peak is present in the unexposed biliverdin
standard shows that esterification can happen even without exposing the standard to
sodium sulfate. The peak at 633 that is present in the biliverdin standard exposed to
sodium sulfate is the result of a sodium atom (23 mass units) replacing a hydrogen atom
(1 mass unit) on the esterified biliverdin. In the spectrum of biliverdin standard, the
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group of peaks around 1180 is the result of biliverdin dimers and the group of peaks
around 1750 is the result of biliverdin trimers. The peak at 297 represents a characteristic
fragment of biliverdin (Gorchein, Lim, & Cassey, 2009) and the peak at 311 is the ester
form of this fragment. The peak at 122 that is present in the E. blennioides chromophore
sample is another smaller fragment of biliverdin.
Although not enough of the E. caeruleum chromophore could be isolated to run
mass spectrometry, TLC provided strong evidence that the E. caeruleum chromophore is
the same as the E. blennioides chromophore. Furthermore, it indicated that they are both
biliverdin. The single green component of the E. caeruleum and E. blennioides samples
comigrated with the major green component of the biliverdin standard. The other two
components present in the biliverdin standard are possibly other isomers of biliverdin.
This explanation is supported by the fact that the manufacturer of the biliverdin standard
does not claim that it is isomeric and states on their website that the purity of the product
is approximately 80%. However, another possible explanation is that the other two
components are the single and double esterified forms of biliverdin. Either way, the
comigration of the E. caeruleum and E. blennioides chromophores with one of the
components of the standard indicates that the chromophore is likely biliverdin.
UV/VIS scans also indicated that E. blennioides and E. caeruleum have the same
chromophore and that it is likely biliverdin. UV/VIS scans using either methanol or 5
mM phosphate buffer as the solvent both showed that the spectrum of the E. caeruleum
chromophore was essentially identical to the spectrum of the E. blennioides
chromophore. In methanol, there is a 2 nm difference between the two species for one of
the peaks, but this peak is so broad that its maximum point cannot be determined with
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extreme precision. The UV/VIS spectrum of biliverdin standard in methanol (Figure 19)
is very similar to the spectrums of the E. caeruleum and E. blennioides chromophores
(Figure 17 and Figure 18) in the visible region, but differs in the UV region. Whereas the
two species show a large peak at approximately 295 nm, the biliverdin standard has two
small peaks at approximately 275 nm and 319 nm. The E. caeruleum and E. blennioides
chromophore samples could be expected to contain some residual protein, but this would
cause a peak around 280 nm rather than at 295 nm. Thus, the 295 nm peak was likely
caused by some other contaminant that was derived from the workup of the samples. A
subsequent UV/VIS scan on an E. blennioides chromophore sample in methanol showed
a peak around 270 nm rather than 295 nm, lending support to the conclusion that the 295
nm peak was caused by some contaminant that was present during the workup for that
particular scan. The UV/VIS spectrum of biliverdin standard in 5 mM phosphate buffer
differed from the spectrums of the E. blennioides chromophore and E. caeruleum
chromophore in the UV region as well. The UV peak seen in the spectrums of the two
species that is absent from the spectrum of biliverdin standard could be attributable to
residual protein, contaminants, remaining acetone (which absorbs in the UV), or some
combination of these factors.
The presence of contaminants in the E. caeruleum and E. blennioides
chromophore samples is also indicated by the NRM and IR spectrums. Contaminants
severely affected both spectrums, which is why they do not appear to closely match the
NMR and IR spectrums of biliverdin standard. NMR spectroscopy was also complicated
by the fact that the concentration of the E. blennioides chromophore was too low given
the amount of sample that could be allocated to this test. Another complication with
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interpretation of the NMR spectrums is that the peaks from the biliverdin standard are
much too broad, which prevents analysis by integration. The broadness of the peaks is
most likely due to association between biliverdin molecules. The propensity to form
dimers and trimers as revealed by mass spectrometry supports the fact that biliverdin has
a tendency to form these complexes. Although the results of NMR and IR spectroscopy
were inconclusive, the results of mass spectrometry and TLC were sufficient to confirm
biliverdin as the chromophore of both darter pigments.
The novel blue pigment in E. caeruleum and the novel green pigment in E.
blennioides are similar in some respects, but have many biochemical differences that
differentiate them from one another. UV/VIS scans and TLC indicate that the
chromophore in the pigment of both species is the same. Mass spectrometry strongly
suggests that the identity of this chromophore is biliverdin. While the chromoproteins
possess the same chromophore, the protein component differs between the species. Past
research has shown that the amino acid composition is similar between the two species,
but significantly different in the percentages of glycine and tyrosine (Pearsall, 2005). E.
blennioides pigment had a glycine percentage of approximately 6%, while E. caeruleum
pigment did not appear to contain any glycine residues. The percentage of tyrosine was
2.8% in E. blennioides pigment and only 0.19% in E. caeruleum pigment. In addition to
differences in amino acid composition, it appears that the two chromoproteins differ in
the way that the chromophore is bound to the protein component. The fact that acetone
precipitation was more effective at separating the chromophore from the protein in E.
blennioides than in E. caeruleum suggests a difference in binding. Specifically, it
suggests that the bond between chromophore and protein is stronger in E. caeruleum.
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Reassociation experiments conducted by Pearsall (2005) also indicate that the way in
which the chromophore is bound to the protein differs between these two species. After
denaturation with urea, the pigment of E. caeruleum was able to return to its native
conformation and regain its color during dialysis in deionized water, while the pigment of
E. blennioides was not able to be recovered (Pearsall, 2005).
The way in which the protein binds to the biliverdin chromophore causes spectral
tuning to occur, which can be seen in the drastic difference between the absorbance
spectrums of the chromophore and the intact chromoprotein. This spectral tuning differs
slightly between species. The differences in amino acid sequence and protein binding in
E. caeruleum and E. blennioides effectively shift the wavelengths transmitted by
biliverdin in a way that causes the eye to perceive these two pigments as different colors.
The pigment in E. caeruleum appears blue because its protein component binds to
biliverdin in a way that causes it to transmit light at slightly shorter wavelengths. The
pigment in E. blennioides appears green because its protein component binds to
biliverdin in a way that causes it to transmit light at slightly longer wavelengths. Based
on Figure 15, it appears that the protein not only spectrally tunes the absorbance
spectrum, but also amplifies the absorbance of the peaks in the visible range. In
particular, the peak between 650 and 700 nm increases in absorbance substantially.
Microscopy revealed that the novel blue pigment from E. caeruleum does not
occur in the same structural region as carotenoid pigments. Carotenoid pigments, which
were observed below the scale and in the dermis, are located in vesicles within
xanthophores. Xanthophores and other types of chromatophores are not usually found
within the epidermis (Hawkes, 1974). The presence of this novel blue pigment
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exclusively in the epidermis suggests that it is not a pigment that is contained within
chromatophores. Yu et. al. (2008) asserted that the blue pigment that was isolated from
walleye was present in the mucus that coated this species. Given that mucus glands are
present within the epidermis (Hawkes, 1974), this must be considered as a possibility for
the location of the blue pigment from E. caeruleum as well. However, the blue pigment
appears to be concentrated outside of what are believed to be goblet cells, which detracts
from the possibility that it occurs in the mucus. Further microscopic studies will be
necessary to better understand the location of this novel chromoprotein pigment.
The difference in hue between the chromoprotein pigments in E. caeruleum and
E. blennioides has evolutionary significance. Both species have evolved to utilize the
same chromophore, biliverdin, while producing different proteins that bind with this
chromophore and spectrally tune it in different ways. It is likely that many of the other
darter species that exhibit sexual dimorphism during breeding season also utilize a
biliverdin-binding protein that differs between species to display various shades of blue
and green coloration. The accumulation and display of different colored chromoprotein
pigments during breeding season likely plays a role in the speciation of darters and
continues to be a contributing factor in maintaining species boundaries between
sympatric species. Differences in color may provide a way for females to easily identify
and focus mating behavior on conspecific males. Conversely, color differences may
provide a way for males to discern other males of the same species that are guarding a
female or habitat, and thus direct their aggressive behavior on conspecific males.
Regardless of whether the mechanism of sexual selection is based upon female choice or
male-male competition, factors that impact visual signals (such as increased turbidity)
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will have a negative impact on mating behavior. Thus, turbidity could increase the
likelihood of hybridization and ultimately lead to loss of biodiversity.
This research project has demonstrated that the chromophore bound in the
chromoprotein pigments of both E. caeruleum and E. blennioides is biliverdin. However,
much remains to be determined regarding the protein component that is responsible for
the difference in hue between these blue and green pigments. Future work will involve
obtaining amino acid sequences for the protein of each species by running these purified
proteins on an SDS PAGE gel, blotting the bands to a PVDF membrane, and sending the
bands of interest to a facility that performs internal protein sequencing. Providing amino
acid sequences of adequate length can be obtained, they will guide a search for the genes
that code for these proteins. Comparison of the coding gene sequences would facilitate
the understanding of the evolution of these biliverdin-binding proteins in darters,
allowing further studies on variation between species and seasonal expression patterns
through the cryptic/sematic breeding cycles. Although it seems clear that coloration has
played a key role in darter speciation, future studies based on this framework can focus
understanding of these unique pigments to the molecular evolutionary level.
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APPENDIX
Table 1. Protein Yield After Each Purification Step
E. caeruleum
Post-Ammonium Sulfate Fractionation
5.9720 mg/mL
Post-GFC
Post-Preparative Non-denaturing PAGE

(~19.5 mL)

6.3432 mg/mL
(~22.5 mL)

5.1016 mg/mL
(~5 mL)

4.8368 mg/mL
(~7.5 mL)

1.0113 mg/mL
(~0.5 mL)

N/A

N/A

1.016 mg/mL
(~4.8 mL)

Post-Hydroxyapatite Type I and Type II
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E. blennioides

Figure 1: Rainbow darter, Etheostoma caeruleum, with breeding male above female.
Coloration is most prominent during peak of mating season in early June.

Figure 2: Greenside darter, Etheostoma blennioides, with breeding male above female.
Coloration is most prominent during peak of mating season in April.
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Figure 3: Dermal chromatophore unit depicting the basis for blue coloration in most
vertebrates. Image modified from Pearsall (2005), Bagnara & Hadley (1973).

Figure 4: Dermal chromatophore unit depicting the basis for green coloration in most
vertebrates. Image modified from Pearsall (2005), Bagnara & Hadley (1973).
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Figure 5: Structure of biliverdin. Molecular weight = 582.65 g/mol. Image from
McDonagh & Palma (1980).
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Figure 6: Gel filtration chromatogram of E. caeruleum

Figure 7: Gel filtration chromatogram of E. blennioides
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Figure 8: SDS PAGE gel (5% acrylamide stacker, 12% acrylamide separating gel) to
analyze purity after GFC. Stained with Colloidal Coomassie. Molecular weights
expressed in kDA.
Lane 1: Pre-GFC E. caeruleum
Lane 2: Pre-GFC E. blennioides
Lane 3: Molecular weight ladder
Lane 4: Post-GFC E. caeruleum
Lane 5: Post-GFC E. blennioides
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Figure 9: Non-denatured PAGE gel (5% acrylamide stacker, 12.5% acrylamide
separating gel) run with CHAPS to analyze purity after GFC. Stained with Colloidal
Coomassie. Arrows indicate the position of pigmented bands before staining. Molecular
weights expressed in kDa.
Lanes 2 and 3: E. caeruleum (post-GFC)
Lanes 5 and 6: E. blennioides (post-GFC)
Lanes 8 and 10: Molecular weight ladder
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Figure 10: SDS PAGE gel (10% Tris-HCl) to analyze purity after preparative nondenaturing PAGE. Stained with Coomassie Blue. Molecular weights expressed in kDa.
Lane 1: E. blennioides pre-GFC
Lane 2: E. blennioides post-GFC
Lane 3: E. blennioides post-preparative non-denaturing PAGE
Lane 4: Molecular weight standards
Lane 5: E. caeruleum pre-GFC
Lane 6: E. caeruleum post-GFC
Lane 7: E. caeruleum post-preparative non-denaturing PAGE blue band
Lane 8: E. caeruleum post-preparative non-denaturing PAGE green band
Lane 9: Molecular weight ladder
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Figure 11: SDS PAGE gel (4% acrylamide stacker, 5-16% acrylamide separating gel) of
the post-preparative non-denaturing PAGE E. caeruleum blue band (Lanes 4, 6, 8, and
10). Stained with 8% acetic acid, 25% methanol, 0.20% Coomassie R250. Molecular
weight ladder (Lane 12): 116.0 kDa, 66.2 kDa, 45.0 kDa, 35.0 kDa, 25.0 kDa, 18.4 kDa,
14.4 kDa.
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Figure 12: SDS PAGE gel (4-20% Tris-HCl) to analyze purity after hydroxyapatite
chromatography. Stained with Coomassie. Molecular weights expressed in kDa.
Lane 2: Molecular weight ladder
Lane 3: E. caeruleum pre-GFC
Lane 4: E. caeruleum post-GFC
Lane 5: E. caeruleum post-Type I hydroxyapatite chromatography
Lane 6: E. caeruleum post-Type I and Type II hydroxyapatite chromatography
Lane 7: Molecular weight ladder
Lane 8: E. blennioides pre-GFC
Lane 9: E. blennioides post-GFC
Lane 10: E. blennioides post-Type I hydroxyapatite chromatography
Lane 11: E. blennioides post-Type I and Type II hydroxyapatite chromatography
Lane 12: E. blennioides post-Type II hydroxyapatite chromatography
Lane 13: E. blennioides post-Type II and Type I hydroxyapatite chromatography
Lane 14: Molecular weight ladder
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Figure 13: UV/VIS spectral profile of E. caeruleum native chromoprotein pigment postGFC

Figure 14: UV/VIS spectral profile of E. blennioides native chromoprotein pigment postGFC
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Figure 15: UV/VIS spectrums of E. blennioides intact chromoprotein pigment and E.
blennioides chromophore. The chromophore was isolated from a given volume of the
pigment and then brought up to the same volume before being scanned. The
concentration of the chromoprotein was determined using the equation that was derived
for absorbance at 696 nm vs. concentration of E. blennioides chromoprotein (y =
3.2828x).
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Figure 16: Amino acid sequences of peptide fragments from E. caeruleum purified
pigment (post-preparative non-denaturing PAGE blue band) acquired by in-gel trypsin
digestion followed by tandem mass spectrometry.
Red represents a very high confidence (greater than 90%)
Pink represents a high confidence (80 to 90%)
Blue represents a medium confidence (60 to 80%)
Black represents a low confidence (less than 60%)
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Figure 17: UV/VIS spectrum of E. caeruleum chromophore (~0.007575 µg/µL) in
methanol

Figure 18: UV/VIS spectrum of E. blennioides chromophore (~0.011445 µg/µL) in
methanol
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Figure 19: UV/VIS spectrum of biliverdin standard (~0.01899 µg/µL) in methanol

59

Figure 20: UV/VIS spectrums of biliverdin standard, E. blennioides chromophore, and E.
caeruleum chromophore in 5 mM phosphate buffer
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Figure 21: TLC plate showing migration of biliverdin standard, E. blennioides
chromophore, and E. caeruleum chromophore. Rf values shown on left.
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Figure 22: Mass spectrum of biliverdin standard (0.625 mg/mL)

Figure 23: Targeted MS/MS of biliverdin standard (0.625 mg/mL). Molecular ions are
designated with a diamond.
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Figure 24: Mass spectrum of biliverdin standard exposed to sodium sulfate

Figure 25: Zoomed in view of mass spectrum from Figure 24

Figure 26: Targeted MS/MS of biliverdin standard exposed to sodium sulfate.
Molecular ions are designated with a diamond. The molecular ions in the third
(1221) and fourth (1243) rows cannot be seen because they are out of range.
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Figure 27: Mass spectrum of E. blennioides chromophore with addition of HCl

64

Figure 28: NMR spectrum of biliverdin standard (approximately 3 mg) in deuterated
methanol
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Figure 29: NMR spectrum of E. blennioides chromophore (approximately 0.5 mg) in
deuterated methanol
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Figure 30: IR spectrums of E. blennioides chromophore (red, top) and biliverdin standard
(blue, bottom)

67

Figure 31: Photomicrograph of frozen section of E. caeruleum tissue cut along the
coronal (frontal) plane showing presence of carotenoid pigments. The carotenoids are
present within xanthophores located in the dermis. There is a thin layer of dermis that
surrounds each scale.
E – epidermis; S – scale; c – cteni; g – goblet cell; m – melanophore; x – xanthophore
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Figure 32: Photomicrograph of frozen section of E. caeruleum tissue cut along the
coronal (frontal) plane showing presence of novel blue pigment.
E – epidermis; S – scale; c – cteni; g – goblet cell
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Figure 33: Photomicrograph of frozen section of E. caeruleum tissue cut along the
coronal (frontal) plane showing presence of both carotenoid pigments and novel blue
pigment. The dermis has pulled away from the scales.
D – dermis; E – epidermis; M – muscle; S – scale; SC – stratum compactum
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